The decomposition of simple chlorinated organic compounds comprising benzene derivatives (mono, di and tri-chlorobenzenes) as the imitation substance of polychlorobiphenyls (PCBs) was investigated by using basic molten salts in order to establish a safe, simple and highly efficient decomposition process for PCBs. Chlorobenzen liquid or the solution was injected into basic molten salts (KOH-K2CO3 or NaOHNa2CO3) at 573-973 K with imitation air, and the residual concentration of chlorobenzenes in the exhaust was measured after the decomposition treatment. The decomposition efficiency reached to very high of 99.9999% in an optimum condition. The decomposition efficiencies of chlorobenzenes were affected by the flow rate of the air and the initial concentration of chlorobenzen in the gas mixture. The complete destruction for benzene derivatives required excess oxygen condition.
Introduction
Since polychlorobiphenyls (PCBs) have strong toxicity, the waste treatment has been desired for a long time. However, the complete treatment has not been realized because PCBs have very tough chemical structure and there is a risk of the formation of dioxins during the waste treatment. 1, 2) The authors briefly reviewed the background and the problems on the waste treatment processes for PCBs in the previous paper.
3) Based on the investigation, the authors carried out fundamental studies for developing a safe, simple and highly efficient waste treatment process by means of basic molten salts.
3)
The conventional incineration process of halogenated organic compounds emits the by-products containing halogens into the exhaust, which derives the formation of dioxins due to the recombination reaction in the gas phase. 4, 5) On the other hand, the new decomposition process by using molten salts extracts the halogens from the halogenated organic compounds and captures the halogens in the molten salts. Therefore, the process prevents the formation of dioxins.
The advantages of the new decomposition process are summarized as follows: (1) no dioxins are formed by gas/ liquid separation, and only simple harmless compounds (CO2 and H2O) are emitted; (2) operation temperature is considerably lower than that in the incineration, and the temperature control is easy because of the reaction in condensed phase; (3) decomposition treatment is carried out at ambient pressure; (4) handling of chlorine absorber (molten salts) is easy compared to reactive chemicals such as metallic sodium. 6, 7) In the previous study, the decomposition of simple chlorinated compounds, CCl4 and mono-chlorobenzen, by using basic molten salts were investigated with non-oxidative atmosphere.
3) As a result, CCl4 was destructed at the high decomposition efficiency of 99.95% at relatively low temperature (673-973 K). However, the decomposition efficiency of mono-chlorobenzen was not enough (97% at 973 K), which suggested that oxidation is required for complete decomposition of chlorobenzene.
For the systematic study, the benzene derivatives, mono, di and tri-chlorobenzen were selected as an imitation substance of PCBs in this study, and the decomposition was investigated by using basic molten salts under the oxidative atmosphere.
Experimental

Chemicals
The physical properties of chemicals used in this study are summarized in Table 1 . [8] [9] [10] [11] [12] [13] [14] Monochlorobenzen (C6H5Cl, >99%, Wako Pure Chemical Industries Ltd.) and o-dichlorobenzen (C6H4Cl2, >98%, Wako Pure Chemical Industries Ltd.) are liquid at room temperature. But as 1,2,3-tirchlorobenzen (C6H3Cl3, >95%, Wako Pure Chemical Industries Ltd.) is solid, it was then dissolved in an organic solvent, 2,2,4-trimethylpentane (>99%, Wako Pure Chemical Industries Ltd.) to be subjected to the experiment as a solu-ISIJ International, Vol. 52 (2012), No. 9 tion. Concentration of C 6 H 3 Cl 3 in the solution was 100 mg·ml -1 . Since molten salts used for the decomposition of chlorinated organic compound should be basic to absorb chlorine and has oxidizing ability to decompose organic components, the mixture of KOH (85%>, Wako Pure Chemical Industries Ltd.) and K 2 CO 3 (>99.5%, Wako Pure Chemical Industries Ltd.) was used in this study. The eutectic mixture of NaOH (>97%, Wako Pure Chemical Industries Ltd.) and Na 2 CO 3 (>99.8%, Wako Pure Chemical Industries Ltd.) was also used for comparison. Both KOH-K 2 CO 3 and NaOHNa 2 CO 3 systems show simple eutectic, 9, 10) and their eutectic temperatures are 640 and 558 K, respectively. The salts with eutectic composition (KOH-9.3 mol% K 2 CO 3, NaOH-8.3 mol% Na 2 CO 3 ) and KOH-30 mol% K 2 CO 3 (liquidus temperature: 760 K) were used for the decomposition experiments. Moisture in the salts was removed by introducing argon during the melting for preparation prior to the decomposition experiment.
Experimental Apparatus and Analysis
Experimental apparatus and procedure were improved although essential principle is almost same to that previously reported.
3) The main improvement is to replace analytical equipment (from flame ionization detector to mass spectrometer) and to decrease detection limit of the organic compounds in the gas. The next is to employ a coaxial feeding tube devised in this study.
The representative experimental apparatus is shown in Fig. 1 . The experimental conditions are summarized in Table 2 (Exp. series A to G). Chlorobenzen liquid or solution was fed with a syringe pump at the rate of 5 μ l·min -1 , and the imitation air (N 2 -21% O 2 ) or nitrogen was supplied by a mass flow controller at the rate of 25-400 ml·min -1 . The chlorobenzen liquid or solution was introduced into an inner tube (inner diameter: 0.90 mm) of a coaxial stainless steel tubes, and the carrier gas was introduced into an outer tube (inner diameter: 2.84 mm) of the coaxial tubes to be mixed with the sample liquid or solution. The injection rate of sample and the flow rate of imitation air were controlled independently. The sample immediately vaporizes on the tip of inner tube. The gas mixture was injected into the molten salts in a crucible (high purity alumina, 99.5%, inner diameter: 20 mm) at 573-973 K through a gas nozzle (high purity alumina, 99.5%, inner diameter: 4 mm). The gas nozzle has a hole (diameter: 1.4 mm) at the end, and it was immersed in the molten salts in the depth of 50-90 mm from the surface level. The chlorobenzens introduced into the molten salts was estimated to form a bubble to be reacted with the molten salts during rising as Eqs. (1) and (2) ΔG°(2) = -3 172 kJ at 973 K 14, 15) It was considered that the chlorine in chlorobenzens was trapped as KCl and the exhaust contains only H2O and CO2. Similar reactions were expected for sodium salt. It was also expected that the trimethylpentane solvent was converted to H2O and CO2 by reacting with oxygen in the carrier gas. The ratio of the oxygen to the solution injected was about 1.24-1.45 times of stoichiometry for the complete decomposition reaction. The exhaust was extracted from an exhaust tube by using a gas tight syringe, and the residual concentration of chlorobenzens and the by-products were analyzed by a gas chromatography mass spectrometer (Shimazu Co., GCMS- where CE and CI indicate the concentrations of chlorobenzens in the exhaust and in the feed gas, respectively. The concentration indicates the volume fraction (vol-ppm) of chemicals in the carrier gas at 25°C under 1 atm.
Results and Discussion
Oxidation of C6H5Cl without Molten Salts (Exp.
Series A) The influence of the decomposition of chlorobenzens by the imitation air was preliminary checked prior to the experiment by molten salts. The initial concentration of C6H5Cl in the gas fed was 26 600 ppm. The residual concentration of C6H5Cl after the thermal decomposition is shown in Fig.  2 . The concentration decreased to 1 200-1 400 ppm. This corresponds to the decomposition efficiency of 95%. Namely, decomposition by the air was not enough for complete decomposition.
In the qualitative analysis, some by-products were found. Figure 3 shows the concentration of by-products (benzene, oxalyl chloride and phosgene) in the exhaust, where the concentrations of oxalyl chloride and phosgene are expressed in arbitrary unit because of the difficult calibration. The chlo- Fig. 1 . Experimental apparatus for the decomposition of chlorobenzenes by using basic molten salts. rinated compounds increased with increasing temperature, which indicates the possibility of formation of harmful chlorinated compounds due to the absence of chlorine absorber. The increase of benzene may also be formed by the decomposition of C6H5Cl. Consequently, simple oxidation at moderate temperature was not sufficient for the complete destruction of C6H5Cl.
Decomposition of C6H5Cl by Molten Salts under
Oxidative Atmosphere (Exp. Series B) The residual concentration of C6H5Cl in the exhaust after the decomposition by molten salts (KOH-9.3 mol% K2CO3, KOH-30 mol% K2CO3 and NaOH-8.3 mol% Na2CO3) is shown in Fig. 4 . The decomposition efficiency is also shown on right ordinate in the figure. The feed rates of C6H5Cl liquid and imitation air were same as those in thermal decomposition. As shown in Fig. 4 , the concentration of C6H5Cl decreased to less than 0.25 ppm, and the decomposition efficiency more than 99.999% was established in any molten salts. The efficiency, especially in KOH based salts, reached to very high of 99.9999% in a certain condition. KOH-9.3 mol% K2CO3 and KOH-30 mol% K2CO3 showed nearly same, and NaOH-8.3 mol% Na2CO3 showed relatively low decomposition efficiency. This may be because the driving force of decomposition reaction in NaOH based salt is slightly smaller than that in KOH based salts (see the standard Gibbs energy changes of Eqs. (1) and (5) 
No Oxidative Atmosphere (Exp. Series C) Figure 5 shows the results of decomposition by replacing the carrier gas with nitrogen which has no oxidative ability. The concentration decreased to less than 0.2 ppm as well as by using imitation air. However, the formation of many simple organic by-products such as n-Ethylformamide, 3-Methoxy-3-methyl-2butanone, 2-Methoxy-2-methyl-propane, 1,3-Dioxolane, 3-Methoxy-pentane and 1-Hpten-4-ol (see Table 3 for structural formula of by-products) were found by the qualitative analysis of GC-MS. Such compounds do not contain chlorine. Since the above by-products were not detected in the experiment by using imitation air, oxygen gas was found to be indispensable for the complete destruction of organic by-products. 
Influence of Gas Flow Rate for Decomposition of C6H5Cl (Exp. Series D)
The influence of flow rate of gas mixture under the constant concentration of C6H5Cl is shown in Fig. 6 . The concentration of benzene as a by-product is also shown in the figure. The initial sample concentration was 26 600 ppm. The residual concentration of C6H5Cl was almost constant typically less than 0.1 ppm at the flow rate of 50-250 ml·min -1 , but drastically increased to 380 ppm at 400 ml·min -1 . This suggests that the increase of flow rate drastically changed the mass transfer effect between bubble and molten salts. The benzene by-product was almost under 0.02 ppm at the flow rate of 50-250 ml·min -1 , which indicates that benzene as an intermediate product after the dechrolination is not stable or intermediate benzene is promptly decomposed to simpler compounds under the condition investigated.
The water model experiment was conducted in order to estimate the manner of formation and growth of bubble in molten salts. Because the kinematic viscosity of molten KOH-K2CO3 is close to that of water, 16, 17) similar behavior for bubble formation and growth is expected. The photograph of bubble formed in the water model experiment is shown in Fig. 7 . When the flow rate of gas was slow, small bubbles formed on the tip of gas nozzle were detached and lifted independently. On the other hand, the diameter of unit bubble significantly increased and furthermore coalesced each other during the lifting when the flow rate of gas was fast, which gave the formation of large bubble. This phenomenon caused the increase of diffusion length of reactant in bubble and the decrease of specific surface area of the bubble, which may be the reason of drastic increase of residual C6H5Cl when the flow rate was increased.
Influence of Initial Concentration for Decomposition of C6H5Cl (Exp. Series E)
The influence of concentration of C6H5Cl fed under constant flow rate of carrier gas is shown in Fig. 8 . The initial concentration was 26 600-532 000 ppm-C6H5Cl. The stoichiometry for the complete decomposition is established when the initial concentration of C6H5Cl is 36 200 ppm. The residual concentration of C6H5Cl gradually increased with increasing the initial concentration but suddenly increased to 60 ppm (not shown in the figure) when the C6H5Cl fed was 532 000 ppm. The concentration of benzene as by-prod- uct was also drastically increased to 1 200 ppm when the concentration of C6H5Cl fed was 425 000 ppm. This means that chlorine was promptly extracted but benzene ring was not destructed under less supply of O2. Furthermore, byproducts comprising benzene ring, such as naphthalene and biphenyl, diethyl ether and dibenzofuran were also detected under less supply of O2 by the qualitative analysis. These results indicate that the lack of oxygen caused the incomplete destruction of organic compounds.
Decomposition of C6H5Cl2 by Molten Salts under
Oxidative Atmosphere (Exp. Series F) As described above, it was found that C6H5Cl was destructed at high decomposition efficiency under the excess oxygen condition. Based on the results, the decomposition of dichlorobenzene was conducted. Figure 9 shows the results of decomposition of C6H4Cl2 by using imitation air. The initial concentration of C6H4Cl2 in gas mixture was 21 700 ppm. NaOH-8.3 mol% Na2CO3 salt showed relatively low decomposition efficiency, but the efficiencies were higher than 99.995%. Furthermore, KOH-9.3 mol% K2CO3 salt showed very high decomposition efficiency over than 99.999% in a certain condition. Namely, the decomposition efficiency by using KOH based salt was slightly higher than that by using NaOH based salt, which was almost same result as the decomposition of monochlorobenzen.
Decomposition of C6H5Cl3 by Molten Salts under
Oxidative Atmosphere (Exp. Series G) Figure 10 shows the results of decomposition of C6H3Cl3 conducted as the same manner . The initial concentration of C6H3Cl3 fed in gas mixture was 1 120 ppm. The immersion depth of gas nozzle was changed from 50 to 90 mm. The decomposition efficiency increased with increasing the immersion depth at 673 K. The decomposition efficiencies under the different immersion depth were almost same at 873 K. Consequently, the chlorobenzene containing three chlorine atoms was also decomposed at very high efficiency.
From this study, it was found that the decomposition efficiency of chlorobenzenes was drastically increased by using basic molten salts under the excess oxygen conditions compared with no oxygen condition. This new process was also very effective for complete decomposition of chlorobenzene containing multiple chlorine atoms. Practical decomposition process for PCBs such as the dechlorination by the reaction with metallic sodium needs multi step treatment for complete decomposition. But the decomposition process in this study can serve the higher degree decomposition to CO2 and H2O at one step. This is big advantage, and this new technology is hopeful for constructing safe and efficient waste treatment system of PCBs.
Conclusions
The decomposition of mono, di and tri-chlorobenzenes as the imitation substance of PCBs was investigated by using molten KOH-K2CO3 and molten NaOH-Na2CO3 maintained at 573-973 K with imitation air. The decomposition efficiency reached to very high of 99.9999% in an optimum condition. The efficiency of chlorobenzenes was affected by the flow rate of imitation air, and the initial concentration of chlorobenzen fed in gas mixture. The excess oxygen condition is required for the complete decomposition for benzene derivatives. From a series of systematic study, the effectiveness of basic molten salts for the decomposition of simple chlorinated organic compounds comprising benzene derivative was demonstrated. 
